A review of our work on two-and-three component photoinitiator systems is presented. The emphasis is in on visible light polymerization in aqueous media. The systems discussed comprise a synthetic dye as sensitizer and an onium salt as coinitiator, or a dye-amine-onium salt with the amine as coinitiator and the onium salt as an enhancer of the polymerization efficiency. The effect of the composition of the system on the photopolymerization kinetics was analyzed. To this end, the photophysics and photochemistry of the dye under polymerization conditions was explored by means of stationary and time-resolved spectroscopic methods. Different dyes and onium salts were investigated. The action mechanism of the different photoinitiators systems is discussed.
Introduction
The development of new materials by means of photopolymerization requires investigations aimed at discovering more efficient photoinitiator systems. Most of traditional photoinitiating systems employed UV radiation to generate active species. The use of sensitizers for visible light and the development of photopolymerizable system in aqueous media, make them environmental friendly and useful for applications in green chemistry or in the development of material for biological uses. Therefore, the development of photoinitiators based on a synthetic dye and a coinitiator was the subject of a large amount of work. Among the different coinitiators explored, a particular class corresponds to onium salts.
The development of applications involving onium salts (OS) in photoinitiation of polymerization [1] has been a topic of interest since the late 60s. Studies have been reported on ammonium salts [2] , phosphonium [3] , sulfonium [4] , and iodonium salts [5] with aryl and/or alkyl groups on its structure. For similar applications, arsonium [6] , pyridinium [7] and aryl tropylium [8] salts, have also been proposed in photoinitiation systems; these salts are capable of undergoing photochemical decomposition, producing active species suitable to initiate polymerization.
When these salts may act as electron acceptors, photosensitization was proposed to take place by reduction and posterior fragmentation of the cation [9, 10] . Onium salts could act as a source of free radicals, radical cations, or Brönsted acids when exposed to light [11] and may be employed as efficient photoinitiators of radical, cationic, or mixed polymerization, [12] [13] [14] . The most widely used OS are diaryliodonium salts with chloride or perchlorate counterion. They have been employed extensively for cationic [15] [16] [17] [18] and vinyl [19, 20] polymerization. The main practical limitation of the use of these salts is related to its low molar absorption coefficient above 300 nm. To overcome this drawback, several photosensitizers are used to extend the spectral range suitable for electronic excitation. Aromatic ketones and polycyclic aromatic hydrocarbons (PAHs) are mainly used as photosensitizers for UV C radiation (300-400 nm) [21] [22] [23] .
Numerous papers have dealt with the mechanism of active species generation when PAHs are employed as [24, 25] . Electron transfer and/or energy transfer from the excited PAH to the iodonium cation were suggested as the first reaction step in the initiation mechanism. In some cases, it is not clear whether the singlet or triplet excited state of the sensitizer is responsible for the interaction with the onium salt [24, 26, 27] . In a previous paper [28] , we have investigated the interaction of diphenyliodonium cation (DPI + ) with the excited singlet and triplet states of eight polycyclic aromatic hydrocarbons in acetonitrile solution. These results confirmed the electron transfer nature of the quenching process:
Singlet and triplet quenching rate constants were measured and they correlate well with the reaction driving force as expected for an electron transfer process. Moreover, the experimental data could be fitted to a Rehm-Weller mechanism with normal parameters. This result is a further confirmation of the electron transfer that occurs in the deactivation of electronically excited states of the PAHs by DPI + . The electron transfer reaction is followed by a very fast breakdown of DPI
• radical [29, 30] to form the phenyl radical (Ph • ), which is a reactive radical suitable for the initiation of vinyl polymerization.
In the present paper, we will focus on the research carried out by our group on two-and three-component photoinitiating systems for free radical polymerization containing onium salts. We will describe two-component photoinitiating systems employing sensitizers (SENs) adequate for visible light [31] and an onium salt, and three-component systems based on a sensitizer, an electron donor (ED), and an onium salt [32] [33] [34] .
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The schematic formulae of all the compounds involved in the photoinitiating systems studies are presented in Table 1 . The experimental details are given elsewhere [31] [32] [33] [34] .
Two-Component Systems: Diphenyl
Iodonium Chloride (DPI) as a Coinitiator
The most common photoinitiator systems in the visible region (400-780 nm) for radical polymerization involve a dye and an amine as an electron donor [35] [36] [37] [38] . Active radicals are formed in a bimolecular electron transfer quenching of the triplet state of the dye by the amine. We have previously reported on the photoreduction of several dyes (flavins, safranine, resazurin, and resorufin) by amines and the use of these systems as suitable photoinitiators of vinyl polymerization using visible irradiation [36, [39] [40] [41] [42] . Two-component systems based on an onium salts in conjunction with synthetic dyes are also an alternative for photoinitiation [7, 31, 43] . These systems have been widely employed in light-cured epoxy dental polymer systems; in this case cationic photopolymerization takes place [7, 25, [44] [45] [46] [47] . On the other hand, mechanistic studies dealing with dyes/OS as photoinitiator systems for radical polymerization are scarce [18, 48] .
In previous study, we found that dyes of the family of phenoxazines, resazurin (RZ) and resorufin (RF), in the presence of triethanolamine (TEOA) are efficient photoinitiators of aqueous acrylamide (AA) polymerization [38] . Later on we decided to explore the possibility of using RZ/OS as a photoinitiation system. The photophysics and photochemistry of RZ and RF in the presence of an electron acceptor was investigated, and it was found that the dyes in their excited state might also act as electron donors [49] . In a subsequent paper, the excited states quenching of RZ by DPI in water solution at pH 10 was presented. In this work we showed the ability of this two-component system for the efficient polymerization of AA in aqueous solution [31] . The polymerization on visible irradiation in the presence of resazurin without a coinitiator was negligible; however, it proceeds efficiently in the presence of DPI. It was found that the RZ/DPI combination undergoes photoreaction via intermolecular electron transfer, resulting in photobleaching of the dye and generation of active radical species by subsequent decomposition of DPI
• radical. The comparison of the systems RZ/DPI and RZ/TEOA is presented in Figure 1 . The kinetics of AA polymerization using monochromatic light of 602 nm was followed by dilatometry. For both initiator systems, the polymerization follows a typical radical chain mechanism with second-order termination, yielding in both cases high-molecular-weight polymers [31] . Even though the efficiency as coinitiator is lower for DPI than that of TEOA, their magnitudes are comparable. This shows that the system RZ/DPI may be considered as an attractive alternative for two-component visible light photoinitiator system.
The quenching of the singlet and triplet excited states of RZ by DPI was investigated by time-resolved fluorescence spectroscopy and by laser flash photolysis. Due to the short lifetime of the excited singlet (0.7 ns), fluorescence quenching was not observed at the concentrations employed in the polymerization experiments. On the other hand, the triplet sate was quenched with a rate constant of 3 × 10 6 M −1 s −1 . The transient absorption spectrum of RZ in the presence of DPI can be seen in Figure 2 .
In the absence of DPI at 1 µs after the laser pulse, two bands can be seen, one in the 700-850 nm region assigned to the triplet and the other at 300-480 nm assigned to the combined absorption of the triplet and the radical ions formed by an autoquenching process via electron transfer [42] . The negative absorption (500-620 nm) and the valley at 379 nm indicate the depletion of the ground state. The triplet lifetime in water at pH 10 was ca. 90 µs. An increase in the absorption near 460 nm can be seen in the presence of DPI, while the T-T absorption has completely decayed. The band at 460 nm can be assigned to the semioxidized radical form of the dye [42] . These observations can be attributed to an electron transfer reaction from the triplet excited state of the dye to the onium salt. The phenyl radical produced by fragmentation of the DPI is not readily detectable in the spectral region near UV and visible [50] ; nevertheless, it is assumed to be formed with the same yield than the semioxidized form of the dye (Scheme 1).
In order to check the consistency of the mechanism, the polymerization rate was measured at different DPI concentrations (Figure 3) . These data show an increase in the polymerization rate by the addition of the onium salt up to 5 mM. Above this concentration, the rate increased slightly with the subsequent increase in the concentration of DPI.
The linear dependence of the polymerization rate with AA concentration and the square root dependence with light intensity was checked. Therefore, it may be assumed that the classical expression for a free radical addition polymerization is valid. In this case, the square of the polymerization rate may be correlated with the theoretical quantum yield of initiating radicals, as given by (2) as follows:
(2) Figure 4 shows a plot of the square of the relative polymerization rate as a function of DPI concentration. Since there is no quenching of the singlet excited state of the dye by DPI, it can be considered that the initiation of polymerization is promoted exclusively by phenyl radicals derived from the deactivation of the triplet state of the dye by the onium salt [31] . The solid line represents the theoretical radical yield calculated with the kinetics parameters as measured by laser flash photolysis [31] . The good concordance of the experimental data with the theoretical model can be taken as a confirmation of the mechanism. 
Three-Component Photoinitiating Systems Involving Onium Salts
Three-component photoinitiator systems were developed as an improvement of the known two-component photoinitiators systems [13, 19, 20, 32-34, 51, 52] . The most common third component was an onium salt, and among them the majority of studies employed DPI. In general, it was observed that the presence of the third component enhances significantly the polymerization rate [12, 13, 19] . In our group, several photoinitiating systems based on dyes and amines have been studied in detail [36] [37] [38] [39] , and it was decided to investigate the effect of adding an onium salt to them. In this section, we resume the results of the effect of the incorporation of onium salts (OS) as third component to the photoinitiating system based on the cationic dye Safranine O (Saf) and TEOA in aqueous media [32] [33] [34] . The onium salts employed were DPI, triphenylsulfonium triflate, (TPS) tetraphenylphosphonium chloride (TPP), and tetraphenylarsonium chloride (TPA). Their formulae are presented in Table 1 .
The system Saf/TEOA initiates vinyl polymerization efficiently [36, 37] when irradiated at 520 nm. It was found that the incorporation of DPI or TPS increases in a significant way the polymerization rate [32, 34] . On the other hand, although TPP and TPAs have little effect on the photopolymerization, interesting effects over the photophysical properties of the system were found in the presence of these two salts [33] . Figure 5 displays the polymerization rate versus TEOA concentration for DPI and TPS. The effect of the OS is noticeable for all the TEOA concentration range.
From the dependence of the polymerization rate on monomer concentration and light intensity in the absence and presence of the different OS, it was confirmed that the rate law conforms to the classic vinyl polymerization mechanism with second-order termination.
In order to understand the action mechanism of the OS, a detailed photophysical and photochemical study on the photoinitiating mechanism in the presence of the OS was undertaken. Continuum irradiation and laser flash photolysis experiments were carried out.
A fast photobleaching of the dye was observed when Saf was irradiated in the presence of TEOA. However, in the presence of OS, the photobleaching was inhibited [32, 34] . DPI is the most efficient inhibitor of the photobleaching of the dye followed by TPS with a less important protective effect. TPP and TPAs have little effect on the photobleaching. The photobleaching mechanism most likely involves an electron transfer step from the amine to the excited triplet of the dye as the first step, followed by dark radical reactions. It was demonstrated that the quenching of the triplet state by the EDs involves an initial deprotonation step. In a second step, the deprotonated triplet reacts with a second molecule of the ED in an electron transfer reaction [36] .
The inhibitory effect of the OS may be understood in terms of its effect of the secondary reactions, since the triplet quenching by TEOA is not affected by the presence of the OS.
According to (2) , the square of the polymerization rate is proportional to the quantum yield of initiating radicals. Assuming that the active radicals are formed in equal yield than the semireduced form of the dye, the quantum yield of initiating radicals were estimated from the long-lived absorbance measured by laser flash photolysis at 425 nm, assigned to the radical anion of the dye (Saf •− ) [53] . In Figure 6 the polymerization rate and the radical quantum yield are shown as a function of DPI concentration. It can be seen that the accelerating effect of DPI on the rate is much more important than the increase in the yield of radicals in the initiation process. These results show the effect of DPI in the polymerization rate cannot be attributed only to an augment in the yield of active radicals [34] .
To obtain a deeper understanding of the action mechanism of the salt, the polymerization rate was related to other physicochemical properties of the system. A possible effect of DPI is the formation of microheterogeneous domains due to aggregation of the salt. In effect, a considerable increase in the light scattering of the solutions at high concentrations of DPI was detected, although the solutions remained clear. The effect of aggregation on the photopolymerization rate in aqueous media was observed by other authors employing different monomers and was attributed to the incorporation of the dye and coinitiator molecules to the aggregates, called a hydrotropic effect [54] [55] [56] .
Therefore, we investigated the effect of aggregation of DPI by light scattering in water and related it to polymerization rate and the fluorescence and triplet quantum yields of Saf in these solutions. In Figure 7 , the effect of DPI concentration on the photophysical parameters of the dye, light scattering intensity, and polymerization rate is shown. The photophysical parameters refer to the dye in the presence of DPI but in the absence of amine and monomer.
Two regions are distinguished in Figure 7 , a plateau in the 10 where the photophysical parameters, light scattering, and polymerization rate present an important increment. The abrupt change in light scattering in region B may be related to the aggregation of the salt. The nature of the aggregates could not be clearly established; however, the light scattering due to the aggregation of DPI was much higher than that observed for a common surfactant such as SDS in the same concentration range, within which normal micelles are formed. The concentration dependence of the light scattering closely resembles that of the photophysical properties and the polymerization rate. It can be concluded that this important effect in polymerization rate could be correlated with the onset of the aggregation phenomenon of the salt. Nevertheless, although the polymerization rate increased by a factor of about 4 at 0.01 M DPI, the triplet yield was only 1.6 times higher. Consequently, the effect of DPI on the polymerization rate could not be ascribed only to an enhancement of the intersystem crossing. Several explanations may be offered for the effect of the aggregation on the photopolymerization. First, the adsorption of the dye to the DPI aggregates may be considered, although this may be of minor importance because of the positive charge of both the dye and the aggregates. Moreover, the absorption and fluorescence of the dye remained practically unchanged, except for a minor increase (ca. 10%) in the fluorescence yield as can be observed in Figure 7 . A plausible explanation for the increase for the increase in the polymerization rate may be the interaction of the growing chains with the aggregates. This could reduce the termination rate and also affect the propagation rate by a local concentration effect if it is assumed that the monomer presents some preference for the particles.
In summary, the increase in polymerization rate for the three-component photoinitiating system compared with the two-component system may be attributed to several factors, among them: an increase in the yield of radicals, as observed from the semireduced form of the dye measure by laser flash [32] although of minor importance this could be contribute to augment the photoinitiation efficiency. Another, and more important, factor is the hydrotropic behavior [33, 34] , with a minimum hydrotrope concentration ca. 1 × 10 −3 M, these aggregates could be acting as efficient solubilizers of monomer increasing the polymerization rate. Finally, the reduction of the onium cation must be considered; the possible participation of the onium cations in reactions with the excited states of the dye or with the existing radicals could be an alternative route of generation of active radicals [34] . In this regard, it is interesting to note that when the different OS are compared the increase in polymerization rate follows the trend of the reduction potentials [57] [58] [59] .
The different pathways of photoinitiation proposed for these three-component systems are summarized in Scheme 2.
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